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a b s t r a c t 
Phosphate is routinely dosed to ensure regulatory compliance for lead in drinking water distribution sys- 
tems. Little is known about the impact of the phosphate dose on the microbial ecology in these systems 
and in particular the endemic biofilms. Disturbance of the biofilms and embedded material in distribution 
can cause regulatory failures for turbidity and metals. To investigate the impact of phosphate on develop- 
ing biofilms, pipe wall material from four independent pipe sections was mobilised and collected using 
two twin-flushing operations a year apart in a chlorinated UK network pre- and post-phosphate dosing. 
Intensive monitoring was undertaken, including turbidity and water physico-chemistry, traditional micro- 
bial culture-based indicators, and microbial community structure via sequencing the 16S rRNA gene for 
bacteria and the ITS2 gene for fungi. Whole metagenome sequencing was used to study shifts in func- 
tional characteristics following the addition of phosphate. 
As an operational consequence, turbidity responses from the phosphate-enriched water were increased, 
particularly from cast iron pipes. Differences in the taxonomic composition of both bacteria and fungi 
were also observed, emphasising a community shift towards microorganisms able to use or metabolise 
phosphate. Phosphate increased the relative abundance of bacteria such as Pseudomonas, Paenibacillus, 
Massilia, Acinetobacter and the fungi Cadophora, Rhizophagus and Eupenicillium. Whole metagenome se- 
quencing showed with phosphate a favouring of sequences related to Gram-negative bacterium type cell 
wall function, virions and thylakoids, but a reduction in the number of sequences associated to vitamin 
binding, methanogenesis and toxin biosynthesis. With current faecal indicator tests only providing risk 
detection in bulk water samples, this work improves understanding of how network changes effect mi- 
crobial ecology and highlights the potential for new approaches to inform future monitoring or control 
strategies to protect drinking water quality. 
© 2020 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
1. Introduction 
Phosphate is routinely used as a corrosion inhibitor in drink- 
ing water distribution systems (DWDS) in order to form highly in- 
soluble phosphate scales that coat pipe walls preventing iron and 
lead corrosion products entering the water supply ( Cardew, 2008 ). 
Lead is regarded as a health risk due to the way it can build up 
in the body, affecting particularly infants and children where it 
can have an adverse impact on mental development ( Lidsky and 
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Schneider, 2003 ; Verstraeten et al., 2008 ). A reported 95% of wa- 
ter supplies in the UK phosphate enrich drinking water at con- 
centrations of typically 1 mg P/l ( Hayes and Hydes, 2012 ). There 
is however a growing shift to try and reduce the use of chemi- 
cal additives, including phosphate, to drinking supplies but this is 
currently constrained by historical and regulatory precedence and 
fears of potential consequences due to limited understanding. 
Even though phosphate is not considered harmful to humans, 
elevated concentrations in aquatic ecosystems can promote micro- 
bial and algae growth leading to eutrophication ( Glibert, 2020 ). 
DWDS are aquatic ecosystems with a diverse microbiota that 
colonises pipe walls forming biofilms ( Flemming et al., 2002 ). 
Biofilm growth is affected by different parameters, such as 
https://doi.org/10.1016/j.watres.2020.116416 
0043-1354/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
I. Douterelo, B.E. Dutilh, C. Calero et al. Water Research 187 (2020) 116416 
hydraulic regime, disinfectant residuals temperature and avail- 
able nutrients including organic carbon, nitrogen and phospho- 
rus ( Vrouwenvelder et al., 2010 ; Liu et al., 2016 ). Phosphate and 
chlorine can modify the composition of microbial communities 
( Batte et al., 2003 ), thus influencing biofilm formation and the 
amount of available organic matter and rates of disinfectant decay 
that ultimately determine the formation of disinfection by products 
( Chandy et al., 2001 ). Besides disinfection, the limiting of nutrients, 
in particular organic carbon, is considered beneficial for controlling 
microbial growth in drinking water systems ( van der Kooij et al., 
2003 ). Volk and LeChevallier, 1999 showed that microbial growth 
was inhibited in DWDS by reducing the level of organic carbon, but 
in the short-term the impact was greater on planktonic microor- 
ganisms than biofilms. Although carbon is typically the principal 
limiting nutrient in DWDS, phosphorus can also limit microbial 
growth ( Miettinen et al., 1997 ; Sathasivan et al., 1997 ). The impact 
of phosphate on the drinking water microbiome has been stud- 
ied using laboratory pipe systems, yielding contradictory results 
about the effect of phosphate on microorganisms and/or biofilms. 
Some studies have shown that the addition of phosphates may 
trigger bacterial growth ( Miettinen et al., 1997 ; Sathasivan et al., 
1997 ; Jang et al., 2012 ), while other studies did not observe an 
increase in the growth or number of bacteria ( Appenzeller et al., 
20 01 ; Frias et al., 20 01 ; Gouider et al., 2009 ). In some cases, lim- 
iting phosphate has been shown to control biofouling of reverse 
osmosis membranes ( Vrouwenvelder et al., 2010 ). These contra- 
dictory results might be associated to different experimental con- 
ditions, for example Appenzeller et al. (2001) found a decrease 
in heterotrophic bacteria growth when phosphate was added in 
highly corroded iron pipes, but a moderate increase in slightly cor- 
roded pipes. However, the research reported was mainly limited to 
laboratory studies and characterised specific microorganisms using 
standard culturing methods. 
The work presented here avoids these limitations by investigat- 
ing the microbial impact of phosphate in an operational network 
using a holistic approach and includes advanced molecular tech- 
niques such as whole metagenome sequencing to study functional 
traits. This information will help to understand the ecological im- 
pact of phosphate and to inform network dosing as part of lead or 
iron control in DWDS. In addition, the results may assist utilities 
concerned about the potential impact of ceasing phosphate dosing 
in DWDS, which has associated benefits including reducing treat- 
ment complexities (e.g. pH control), chemical purchasing, storage 
needs and critically as part of protecting the environment against 
eutrophication risks by removing the need for downstream phos- 
phate removal. 
2. Materials and methods 
2.1. Study sites and flushing scheme 
The studied site is from an operational DWDS in the UK where 
high lead and iron concentrations were reported as part of rou- 
tine network sampling. Phosphate dosing was installed to ensure 
regulatory compliance and prevent future health concerns. Ortho- 
phosphoric acid (Phosphoric acid 75% PWG, Airedale Chemical 
Company Ltd, UK) was dosed in order to achieve a final water 
concentration of 1.2 mg/l (sampling from 2018 to 2020, x̄ = 1.18, 
SD = 0.11 mg/l, n = 71). Pre-dosing orthophosphate as P showed 
all samples from 2017 < 0.03 mg/l ( n = 25). The new dosing regi- 
men presented an opportunity to examine the impact of phosphate 
on developing biofilms, including mix-species microbial composi- 
tion and potential functional traits, in sections of different pipe 
materials both pre- and post-phosphate dosing. To achieve this a 
detailed trial plan was proposed that required 4 controlled and ex- 
tensively monitored flushing operations. Research has shown that 
particulate material in DWDS accumulates on all boundary surfaces 
as part of a biofilm matrix with cohesive shear strength proper- 
ties ( Husband et al., 2016 ). Accumulation rates are a factor of back- 
ground water quality, with processes such as corrosion increasing 
asset deterioration rates with respect to discolouration and associ- 
ated elevated metal concentrations ( Husband et al., 2008 ). By rais- 
ing the shear stress (the component of stress coplanar to the pipe 
surface, a function of hydraulics, pipe diameter and pipe rough- 
ness) above daily peak values, material is lifted from the pipe wall 
and entrained into the bulk flow. This behaviour is commonly ob- 
served following network bursts or other interventions that result 
in modified hydraulic demands but is also utilised in flushing and 
flow conditioning exercises ( Sunny et al., 2020 ). Due to the shear 
strength characteristics, the amount of material mobilised is re- 
lated to the imposed excess shear stress (as a function of the ad- 
ditional flow) and with each subsequent increase there is a further 
release of material. As a particulate response, the amount of ma- 
terial in the bulk flow can be measured by optical scattering as 
turbidity. The material release responses have been shown to be 
predictable and repeatable, including consistent patterns and mag- 
nitudes when given equal development periods and stable water 
quality ( Husband et al., 2008 ; Vreeburg et al., 2008 ). 
With this understanding of network and pipe wall material be- 
haviour, flushing trials were planned with an initial visit to condi- 
tion test sections by removing material with shear strengths below 
that of a target flushing flow rate. Biofilm and associated material 
were then allowed to develop for three months before a second 
flushing trial was performed to mobilise the regenerated material 
that was collected for detailed analysis. This twin-flushing process 
was scheduled to occur prior to phosphate addition (trials 1 and 
2) and then repeated once dosing was established (trials 3 and 
4). With the aim to investigate the impact of phosphate dosing, 
environmental factors such as temperature and seasonal/daily de- 
mands were minimised by conducting the trials a year apart and 
using the same equipment and at the same time of the day. The 
trial flow increases were monitored and controlled by purpose- 
built Langham hydrant standpipes with electromagnetic ABB Aqua- 
master 3 flow meters with ±5% reading accuracy and maximum 
working pressure of 12 bar. Turbidity responses connected to the 
standpipes were measured using 2x ATI Nephnet loggers for data 
validity with infrared (IR) Nephelometric measurement and func- 
tioning range limited to 0–4.0 0 0 NTU for high resolution in one 
unit and 0–40.00 NTU in the second unit, both with an accuracy 
of ±5% of reading. 
In standard flushing operations, it is normal to maintain a clean 
waterfront by ensuring all upstream pipe sections are flushed first. 
This needs to be done otherwise when downstream flushing flows 
are imposed, the extra demand may exceed upstream conditioned 
values, causing material to be mobilised and hence consumer wa- 
ter quality issues. Yet any network interventions may also poten- 
tially disturb test sections, whilst upstream flushing could also 
release material that could affect the composition/community on 
downstream pipes. To avoid this and minimise resource require- 
ments to 1 day, pipe test sections were connected directly to 
a larger supply pipe to safeguard against the risk that planned 
flushing trials would cause upstream impact. Through collabora- 
tion with the water company, 4 trial sections were identified for 
field work, with the added advantage that they were of differ- 
ent pipe compositions; medium density polyethylene (MDPE), as- 
bestos cement (AC), polyvinyl chloride (uPVC) and cast iron (CI). 
Although this study focusses on comparing independent pipe sec- 
tions pre and post dosing, by selecting trial sections in close prox- 
imity and supplied directly from a common trunk main, water en- 
tering each pipe section was effectively comparable. The first three 
sections (MDPE, AC & uPVC) were all supplied directly from the 
single surface water treatment works via a 21 ′′ AC trunk main. 
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The fourth section, 2 km further downstream, or one-hour extra 
transit time, was via an extra 18 ′′ section of spun iron (SI) trunk 
main (both trunk mains were laid in 1987, so established biofilm 
and long-term accumulated material could be assumed relatively 
consistent). With all four trial sections linked directly to effectively 
the same trunk main (i.e. no intermediary pipe lengths or differ- 
ent pipe materials), it meant the bulk water entering each had 
the same source, treatment and transmission experience, thereby 
limiting the impact of bulk water as an experimental variable. The 
high demands through the trunk main and the close proximity of 
all test sections meant water age and residual chlorine concen- 
trations were also comparable. Trial sections had diameters in the 
small range of 75 mm to 125 mm (3 ′′ to 5 ′′ ) and were 300 m or 
more in length, except the MDPE pipe. Pipe properties were; MDPE 
85 m of 125 mm laid 1995, AC 300 m of 4 ′′ (100 mm) laid 1962, 
uPVC 420 m of 3 ′′ (75 mm) laid 1967 & CI 300 m of 4 ′′ (100 mm) 
laid 1953). With the exception of the uPVC which was a dead-end, 
each pipe supplied downstream networks and experienced daily 
demand patterns with peak flows of around 10 l/s. Each pipe was 
over 20 years in service and water company records indicated no 
flushing or disturbance within the last 10 years, allowing an as- 
sumption that pipe wall material and communities were well es- 
tablished and in equilibrium with the system (site schematics and 
more details in Douterelo et al., 2020 ). 
With trial sections feeding downstream consumers, flushing 
flows were selected using the PODDS (Prediction of Discoloura- 
tion in Distribution Systems) model ( Husband and Boxall, 2010 ; 
Furnass et al., 2014 ). This identified flows to exceed daily peak, 
but limit material mobilisation to prevent the particulate turbid- 
ity response in the bulk water from producing customer observ- 
able discolouration (UK regulatory limit at the customer’s tap is 4 
NTU, whilst circa 10 NTU is required to start becoming visible). To 
investigate differences in shear characteristics and to increase dis- 
crete sample numbers for analysis and comparison purposes, flush- 
ing was planned initially to have three incremental steps with in- 
creases occurring once turbidity responses dropped. However, be- 
cause time constrained to 1-day, on-site decisions based on track- 
ing turbidity responses meant trials 2–4 were reduced to just two 
steps. Once equipment was installed on-site, a low flow through 
the standpipe was established and run for a minimum of 20 min 
to allow monitoring equipment to stabilise and ensure any stag- 
nant water from the hydrant was removed. This was confirmed by 
ensuring residual chlorine was present. 
2.2. Water quality monitoring 
The sixteen flushing trials involved an adapted standpipe to 
control flushing discharge through selected hydrants at the end 
of each pipe section with visual displays and logging of flow and 
turbidity. Water samples prior to flush commencement and at 
each flushing stage were collected for physico-chemical and mi- 
crobiological analysis. Several parameters were measured in-situ at 
the times of discrete sample collection prior and during flushing 
of the pipes. Free and total chlorine were measured with a Pal- 
intest method using electrochemical sensors and a Palintest CS 
100 Chlorosense Chlorine metre (Fisher Scientific, UK). Tempera- 
ture and pH were measured using a Hanna portable metre and 
probe HI 991003. All other parameters were obtained by an ac- 
credited laboratory analysis of the discrete samples and using vali- 
dated methods to meet UK drinking water regulations. Water sam- 
ples were collected in designated containers and bacterial colony 
counts were determined by the pour-plate method in which yeast 
extract agar was used following the UK Environment Agency rec- 
ommendations (Environment Agency, 2012). Cultures were incu- 
bated at 37 °C for 48 h (2-day colony) and 22 °C for 72 h (3-day 
colony). 
2.3. Microbial molecular analysis 
The molecular microbial approach used in this study is based 
on two different sequencing strategies. To study the structure (tax- 
onomic composition) of all the samples obtained before and af- 
ter phosphate dosing ( n = 78), two marker genes were sequenced; 
16S rRNA for bacteria and the ITS2 for fungi. In addition, selected 
samples based on turbidity results, from each type of material 
were pooled (total number of final samples = 8, 4 pre- and 4 
post-phosphate dosing) and DNA concentrated to perform a whole 
metagenomics sequencing analysis. Details of each of these analy- 
ses are described as follows: 
2.3.1. DNA extraction 
Three replicates of 2 L samples of bulk water were collected as 
discrete samples during the flushing trials for DNA analysis from 
both pre- and post-phosphate dosing (trials 2 and 4). Including 
collecting background samples before flushing commenced, for the 
MDPE pipe this meant 4 samples and 3 for the AC, uPVC and CI 
sections, giving a total of 78 samples. These samples were each 
filtered through 0.22 µm nitrocellulose membrane filters (Milli- 
pore, Corp). Filters were preserved in the dark and at −80 °C 
for subsequent DNA extraction. DNA extraction from filters was 
carried out by a method based on proteinase K digestion fol- 
lowed by a standard phenol/chloroform-isoamyl alcohol extraction 
( Douterelo et al., 2013 ). The quantity and purity of the extracted 
DNA were assessed using Nanodrop ND-10 0 0 spectrophotometer 
(NanoDrop, Wilmington, USA). 
2.3.2. Sequencing of marker genes (16S rRNA for bacteria and ITS2 
for fungi) 
Sequencing was performed at MR DNA ( www.mrdnalab.com , 
Shallowater, TX, USA) on a MiSeq following the manufacturer’s 
guidelines. The 16S rRNA gene using primers 28F and 519R span- 
ning the V1 to V3 hypervariable regions and primers targeting the 
ITS1–2 regions were used for bacterial and fungal analysis, respec- 
tively. The PCR conditions and Illumina library preparation are ex- 
plained in detail in Douterelo et al., 2020 . Sequencing data was 
processed using MR DNA analysis pipeline (MR DNA, Shallowater, 
TX, USA). In summary, sequences were joined and depleted of bar- 
codes then sequences with less than 150 bp and with ambiguous 
base calls were removed. Sequences were de-noised, and chimeras 
were detected using UCHIME ( Edgar et al., 2011 ) and removed from 
further analysis. Final Operational Taxonomic Units (OTUs) were 
taxonomically classified using BLASTn ( Altschul et al., 1990 ) against 
a curated database derived from RDPII ( Cole et al., 2005 ) and NCBI. 
To study alpha-diversity (diversity within samples) the Chao rich 
estimator, Shannon diversity analysis and Dominance estimators 
were calculated at 95% sequence similarity cut off ( Douterelo et al., 
2013 ), without rarefaction ( McMurdie and Holmes, 2014 ). 
2.3.3. Whole metagenome sequencing 
To obtain a fingerprint of functional traits, selected samples 
based on peaks of turbidity during flushes, were pooled and sub- 
jected to whole metagenome sequencing. 50 ng of DNA was used 
to prepare the libraries by Nextera DNA Sample preparation (Illu- 
mina) following the manufacturer’s user guide and the sequenc- 
ing was performed at MR DNA ( www.mrdnalab.com , Shallowater, 
TX, USA) on MiSeq following the manufacturer’s guidelines as de- 
scribed by Douterelo., 2020 . 
Eight libraries (MDPE, AC, uPVC, and CI, all sampled be- 
fore and after phosphate treatment) were quality checked 
with FastQC ( https://www.bioinformatics.babraham.ac.uk/projects/ 
fastqc/ ) and cross-assembled with metaSPAdes v.3.11.0 ( Nurk et al., 
2017 ). Comparative metagenomic analysis based on this cross- 
assembly was performed with crAss ( Dutilh et al., 2012 ). Con- 
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tig abundance was calculated by mapping the reads back to the 
contigs using BWA-MEM ( Li and Durbin, 2009 ), and calculat- 
ing the average depth with the jgi_summarize_bam_contig_depths 
script from MetaBAT ( Kang et al., 2015 ). Contigs were annotated 
with InterproScan 5.36–75.0 with the parameters: –appl Pfam 
–goterms –iprlookup –pathways ( https://github.com/ebi- pf- team/ 
interproscan , ( Jones et al., 2014 ) and summarized using the 
metagenomics ontology of GO Slim ( http://geneontology.org/docs/ 
download-ontology/ ). Abundance of the functional categories was 
calculated for each sample by summing the depth values of the 
contigs where it occurred and the values log-10 transformed (pseu- 
docount: 0.0 0 01, see Supplementary Table 1). Because the crAss 
cladograms indicated separation of the samples into groups be- 
fore/after phosphate treatment ( Fig. 5 ), overall enrichment scores 
per functional category due to the phosphate treatment were cal- 
culated by averaging the values across the four pipe materials. 
2.4. Statistics 
To assess the similarity in microbial community structure 
amongst samples, the relative sequence abundance at genus level 
(97% sequence similarity cut-off) for each sample was used to cal- 
culate pairwise similarities. All data were transformed by square 
root calculations and Bray–Curtis similarity matrixes were gen- 
erated using the software Primer v7 (PRIMER-E, Plymouth, UK). 
Bray–Curtis similarity matrixes were visualised using multiple- 
dimensional scaling (MDS) diagrams. Analysis of similarity statis- 
tics (ANOSIM) was calculated using the same Bray–Curtis distance 
matrix to test the significance of differences amongst samples 
based on pipe material for both bacteria and fungi. The values for 
the ANOSIM R-statistic ranges from −1 to 1, where R = 1 indicates 
that communities from different pipe materials are completely dis- 
similar. Principal component analysis (PCA) was used to evalu- 
ate the distribution of microorganisms taking into account materi- 
als and phosphate dosing generated using the software Primer v7 
(PRIMER-E, Plymouth, UK). 
To determine if the observed differences in the richness, diver- 
sity and dominance indeces were significant, pairwise comparisons 
between samples from different materials were made using the 
non-parametric Mann–Whitney U test using IBM SPSS 21. 
3. Results 
3.1. Flushing flow and turbidity 
Each investigative visit (4 over two years) and flushing oper- 
ations (4 per visit, approximately 1 hour each including incre- 
mental increases) were completed in one day with initial pre- 
dosing conditioning trial (1) in March 2017 followed after 90 days 
biofilm/material development by the sample collection/analysis 
trial (2). Phosphate dosing at the treatment works commenced 5 
months later (November 2017). Following a field-operative call-out 
on the scheduled date, the post-dosing conditioning trial (3) was 
delayed a month until April 2018 with the sample collection trial 
(4) after biofilm development again exactly 90 days later. Prior to 
and during the investigative period no significant network events 
were recorded or changes in network demands or operation other 
than phosphate dosing coming on-line. Sampling results, including 
free chlorine, water temperature and DOC from the water treat- 
ment works, highlight network supplied water quality, and there- 
fore likely particulate material loading, to be consistent across both 
generation phases, as shown in Fig. 1 . Although water temperature 
at the start is the same for both years, during 2018 it does how- 
ever rise quicker (a cold spell just before the final flushing visit 
brings temperatures back in-line). Flow and turbidity results from 
all four flushing trials for each pipe section are shown in Fig. 2 
(plots show times adjusted to create a common start time with 
a maximum 63-minute shift required to align all 16 trials). In all 
cases imposed hydraulics were comparable for all flushes, except 
the MDPE pipe where flush 2 & 4 had higher flows ( Fig. 2 A). With 
trials 1 and 3 however the same, applied hydraulics are consistent 
for both phases of the trial and therefore results remain compara- 
ble. In the AC pipe ( Fig. 2 B), during trial 4 the terminal step was 
4 L/s compared to 3.4 L/s from trial 2. Trials in both the uPVC and 
CI pipes ( Figs. 2 C and 2 D respectively) had consistent flow mag- 
nitudes but some variance in durations, in particular the terminal 
flushing phase as a result of waiting for turbidity values to drop 
to agreed levels of 0.5 NTU before finishing. These temporal dif- 
ferences however would be not expected to impact turbidity re- 
sponses. More details on the hydraulic properties and results from 
the first two trials can be found in Douterelo et al., 2020 . 
Initial inspection of the turbidity responses observed from all 
pipe sections suggests that the addition of phosphate consider- 
ably increases discolouration risk. The mean turbidity results for 
each pipe and trial are reported in Table 1 . In every pipe a greater 
turbidity response is observed once phosphate dosing has com- 
menced, supporting the initial observation that phosphate enrich- 
ment increases discolouration risk. Comparison between materials 
of the pipe sections showed similar turbidity increases for MDPE 
and AC pipes, where both sections were hydraulically similar (2.1x 
and 1.5x respectively). The CI pipe showed by far the greatest in- 
crease in turbidity (4.7x), suggesting changes in corrosion or cor- 
rosion legacy, thus suggesting metallic corrosion remains an issue 
despite the presence of phosphate. The dead-end pipe, where ma- 
terial accumulation can be considered predominantly a sedimen- 
tation process and not biofilm formation on walls, showed almost 
no change (1.1x), suggesting that the bulk water material loading 
(background concentrations) is largely unaffected. 
3.2. Discrete sampling and physico-chemical analysis 
Results from the physico-chemical analysis of discrete water 
samples are showed in Table 2 . Given the common water source 
supply, many physico-chemical variables were similar amongst 
all the samples including pH (7.6–7.8), conductivity (240–250 
µS/cm), nitrite ( < 0.004 mg/L) and sulphate (8.6–9.5 mg/L). How- 
ever, changes were found in some physico-chemical parameters 
between the first sample period in June 2017 and the second pe- 
riod a year later after phosphate dosing. The quantification of or- 
thophosphate confirms that water in the first sampling period had 
no/little phosphate ( < 0.03 mg/L), whilst one year later this had 
increased to 1.1–1.2 mg/L, which is the average UK standard wa- 
ter phosphate concentration. TOC and DOC were higher and more 
variable, going from 1.9–2.0 mg/L to 2.4–2.7 mg/L and 2.0–2.1 mg/L 
to 2.4–3.2 mg/L respectively post-phosphate addition. Nitrate were 
0.52–0.54 mg/L in the first sampling period and decreased until 
not being detected ( < 0.5) after phosphate dosing. Chlorine (both 
free and total) was higher under post-phosphate dosing conditions 
in most of the samples analysed with the exception of MDPE sam- 
ples where it was slightly higher pre-phosphate (0.7–1.1 mg/l). 
Temperature, in the second sampling period was slightly higher 
and increased across the trial periods from an average of 18 °C to 
21.30 °C. 
In pre-phosphate dosing water, iron concentrations were sig- 
nificantly higher in the CI pipe and the uPVC pipe samples when 
compared with other pipe materials. Post-phosphate dosing higher 
iron concentrations were found in MDPE and AC pipes when com- 
pared with pre-phosphate conditions. In addition, iron increased in 
the last flushing step in the AC pipe after phosphate dosing. Man- 
ganese concentration was stable in most of the conditions (0.012–
0.053 mg/L), and it was slightly higher in the final flushing steps in 
both CI and AC pipes in post-phosphate samples. Lead concentra- 
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Fig. 1. Treated water quality parameters (free chlorine, temperature and DOC) supplying the test sections during 2017 and 2018. Trial period is highlighted. Note 2018 values 
have been shifted back 25 days to allow direct comparison during the 90 day biofilm and material accumulation period. 
Fig. 2. Flow and Turbidity results from 4 x flushing trials for each test section with A = MDPE, B = AC, C = uPVC & D = CI. 
Table 1 
Mean turbidity for each pipe section per trial. 
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Table 2 
Physico-chemical analysis of water from different materials under pre (-P) or post ( + P ) phosphate addition conditions. 
Table 3 
Results from microbial-culture dependant colonies count pre- (-P) and post-phosphate ( + P ) for each type of material pipe. 
Material_Flushing Step Colonies 7 days 22 °C (c/ml) Colonies 3 days 22 °C (c/ml) Colonies 2 days 37 °C (c/ml) 
-P + P -P + P -P + P 
MDPE_1 2 1 0 0 0 0 
MDPE_2 0 1 0 0 0 0 
MDPE_3 0 0 0 0 0 0 
MDPE_4 0 13 2 3 0 1 
AC-1 7 21 4 1 0 0 
AC-2 1 5 0 1 1 0 
AC-3 0 1 0 0 0 0 
uPVC_1 0 0 0 0 0 0 
uPVC_2 0 2 1 0 0 0 
uPVC_3 0 0 0 1 0 0 
CI-1 3 42 0 0 0 0 
CI-2 0 0 0 0 1 0 
CI-3 0 1 0 0 0 0 
tion was similar amongst all the samples except in the last flush- 
ing steps after phosphate dosing were increased in AC and CI pipes 
and decrease in the uPVC pipe. 
Results from the colony counts are shown in Table 3 . Colony 
counts values were only representative in samples from the AC 
pipe, with up to 7 colonies per mL at 22 °C for 7 days and 4 
colonies at 22 °C for 3 in pre-phosphate samples. However, up to 
21 colonies per mL at 22 °C for 7 days and up to 3 colonies at 
22 °C for 3 days were found under phosphate concentrations. Also, 
42 colonies per mL at 22 °C for 7 days were count in the CI pipe 
and 13 in the final flushing stage of MDPE pipe in post-phosphate 
addition samples. 
3.2. Effect of phosphate on microbial community composition (before 
vs. after): taxonomic analysis based on marker genes 16S rRNA and 
ITS2 for bacteria and fungi respectively 
Differences in the taxonomic composition of both bacteria and 
fungi were found in relation to phosphate dosing, pipe material 
and flushing steps. 
3.2.1. Bacterial relative abundance at genus level 
The relative abundance of the most abundant OTUs at genus 
level (95% similarity cut off) has been analysed comparing the 
flushing steps in different materials and pre- and post-phosphate 
dosing ( Figs. 3 and 4 ). Independently of pipe material or phosphate 
concentration, the first flushing step generally resulted in samples 
with higher relative abundance of bacterial and fungal communi- 
ties. The proceeding flushing steps were less microbial rich (bac- 
teria and fungi). Concerning phosphate dosing, bacterial commu- 
nities showed a higher relative abundance in pre-phosphate dose 
samples, whilst the opposite was observed for fungi. The results 
observed from Figs. 3 and 4 were reinforced by the diversity in- 
dices data ( Fig. 7 ). 
The bacterial analysis ( Fig. 3 ) showed that the most represented 
genera in all the samples was Pseudomonas with a relative abun- 
dance between 4 and 21% in pre-phosphate samples and rang- 
ing from 4 to 32% under post-phosphate dosing. An increase in 
abundance of Pseudomonas post-phosphate was observed particu- 
larly in AC and CI pipe samples. Other genera well represented in 
pre-phosphate samples were Gloeobacter (2–14%) and Staphylococ- 
cus (3–14%). However, in post-phosphate samples, Gloeobacter al- 
most disappeared (0–2%) and Staphylococcus was mainly present 
in MDPE pipe samples (4–17%) but noticeably diminished in AC, 
uPVC and CI pipe samples. Acinetobacter was relatively abundant 
in MDPE samples, particularly in the last flushing steps under 
pre-phosphate dosing ( > 10%, suggesting preference to deeper and 
more consolidated biofilm colonisation niche). This genus had lit- 
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Fig. 3. Percentage of relative abundance of bacteria at genus level for each of the flushing steps (average of 3 replicates, n = 3), materials and under pre-phosphate 
( < 0.03 mg/l) or post-phosphate conditions (1.1–1.2 mg/l). Numbers on the pipe materials labels indicate the flushing step. 
Fig. 4. Percentage of relative abundance of fungi at genus level for each of the flushing steps (average of 3 replicates, n = 3), materials and under pre-phosphate ( < 0.03 mg/l) 
or post-phosphate conditions (1.1–1.2 mg/l). Numbers on the pipe materials labels indicate the flushing step. 
tle representation in AC, PVC and CI pipe pre-phosphate, but in- 
creased abundance in post-phosphate samples, especially in CI 
(13–24%). Other genus that had little representation (0–2%) in all 
pre-phosphate samples but increased post-phosphate was Paeni- 
bacillus. Paenibacillus (post-phosphate), showed high relative abun- 
dance in MDPE samples in the first flushing steps (12–13%) and 
in the first flushing step of other materials (2–5%), but was then 
poorly represented (suggesting a colonisation preference for outer 
layers of developing DWDS biofilms when phosphate is prevalent). 
B rucella , in pre-phosphate uPVC samples, ranged from 1% in the 
first flushing step to 14% in the last one. In CI samples, Brucella 
was also relatively abundant (7–21%) in pre-phosphate samples 
and decreased to 3% in the last flushing step post-phosphate. In 
pre-phosphate samples and uPVC, S treptococcus have higher abun- 
dance (5 to 12%) when compared with samples from other materi- 
als. After phosphate addition, Streptococcus was still present in AC 
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Fig. 5. Two-dimensional plot of the multidimensional scaling (MDS) analysis based on Bray–Curtis similarities of the percentage abundance (A) bacteria and (B) fungi. 
Showing differences in the bacterial community structure between pre-phosphate ( < 0.03 mg/l) or post-phosphate dose conditions (1.1–1.2 mg/l). ( n = 39). Symbols are 
representing individual samples and are coloured based on sample type . C) Cladograms representing the distance between metagenomes based on A) the fraction of shared 
contigs, B) fractions of reads in shared contigs, C) the weighted fraction of shared contigs and D) shared fractions of shared reads between all sample pairs performed with 
crAss. 
(6–4%), CI (2–0%) and uPVC samples (0–11%) and MDPE samples 
(0.6% in the first flushing step to 7% in the last one). 
3.2.2. Fungal relative abundance at genus level 
The analysis of fungal communities ( Fig. 4 ), showed that in pre- 
phosphate samples Cladosporium (from 15 to 51%) was present in 
all the samples. Remarkably, pre-phosphate AC samples showed 
relative abundances of 43% to 51%. Cryptococcus was the sec- 
ond most abundant genus in pre-phosphate samples (average 12%, 
n = 13), yet its presence decreased after phosphate dosing (1–6%), 
and only showing a relative abundance of 10% in the last flushing 
step in CI samples. Under pre-phosphate dosing conditions, other 
abundant genera were Saccharomyces , in MDPE samples (average 
7%, n = 4), and in the first flushing steps of AC and uPVC (4% 
and 32%, respectively); Aureobasidium, had a relative abundance 
of 3–4% in MDPE, AC and CI samples; Penicillium in CI (30% in 
the first flush); and Alternaria in MDPE (25% in the third flushing 
stage). 
Under post-phosphate conditions, Saccharomyces was also rep- 
resented in MDPE (average 4%, n = 4), and in AC (changing from 
22% to 4% as the flushing steps moved forward); Cadophora was 
represented in all samples ranging from 1 to 22%, being more 
abundant in AC and CI; and Exophiala in MDPE (average 4%, n = 4) 
and AC (average 8%, n = 3) samples. Rhizophagus was a genus with 
no representation under pre-phosphate conditions but it was found 
ranging from 1 to 11% in all water samples post- phosphate. 
3.2.3. Non-metric multidimensional scaling (MDS) analysis of 
bacteria and fungi and cross-assembly analysis of whole metagenome 
sequencing with crAss 
MDS plots of the relative abundance of bacteria at 95% se- 
quence similarity cut off, showed a clear separation between pre- 
and post-phosphate dosing and all different pipe materials, even 
though some outliers were found ( Fig. 5 A). The analysis of similar- 
ities (ANOSIM) confirmed the differences amongst bacterial com- 
munity structures (Global R = 0.654, p = 0.1%). 
Differences also were found in fungal structure between phos- 
phate conditions (Global R = 0.56, p = 0.1%), but only between 
some pipe materials ( Fig. 5 B). Pre-phosphate, fungal community 
structure was significantly different between MDPE and AC pipes 
( R = 0.258, p = 0.3%); MDPE and PVC pipes ( R = 0.317, p = 0.1%); 
MDPE and CI pipes ( R = 0.389, p = 0.1%); and AC and CI pipes 
( R = 0.275, p = 0.3%). Post-phosphate showed significant differ- 
ences only between MDPE and CI pipes ( R = 0.336, p = 0.2%); and 
AC and CI pipes ( R = 0.408, p = 0.1%). 
The differences amongst microbial community structures were 
further supported by comparative metagenomics analysis (i.e. sim- 
ilarities between metagenomes). The cross-assembly analysis with 
crAss using whole metagenomics reads was represented using 
cladograms ( Fig. 5 C), These show many cross-contigs that exclu- 
sively contain reads from pre- or post-phosphate metagenomes, 
independently of the pipe material analysed. Notably, the pre- 
and post-treatment phosphate samples were sequenced in sep- 
arate batches, so potential batch effects could not be ruled out 
( Leek et al., 2010 ). 
3.2.4. Principal component analysis (PCA) 
PCA analysis was performed in bacterial and fungal commu- 
nities using data from relative abundance at 95% sequence simi- 
larity cut off ( Fig. 6 ). PCA indicated that generally samples clus- 
tered together as function of phosphate dosing. In both bacteria 
and fungi, a clear separation between pre- and post-phosphate ad- 
dition samples were observed and some genera had affinity for one 
or the other condition. Several bacterial genera ( Fig. 6 A) includ- 
ing Pseudomonas, Paenibacillus, Massilia, Acinetobacter had a vector 
with tendency to appear after phosphate dosing ( + P ). This trend 
was also observed for the fungi ( Fig. 6 B), Rhizophagus, Eupenicil- 
lium, Cadophora and Trechispora. For bacteria, samples also clus- 
tered with respect to pipe material, yet this effect of pipe material 
was not clear for fungi after phosphate addition. 
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Fig. 6. Principal component analysis (PCA) plot of the percentage abundance (A) bacteria and (B) fungi grown in different materials and pre-phosphate ( < 0.03 mg/l) or post- 
phosphate dose conditions (1.1–1.2 mg/l) ( n = 39). Symbols are representing individual samples and are coloured based on sample type. Percentages on principal components 
axis represent the amount of variation explained by each PC. 
The results indicate that differences in microbial community 
arise following the addition of phosphate and this occurs irrespec- 
tive of pipe material. 
3.2.5. Bacterial and fungal alpha diversity 
Shannon diversity index, dominance and Chao1 richness es- 
timator at genus level for bacteria and fungi were performed 
( Fig. 7 ). Overall, bacterial communities were more diverse and 
rich than fungal communities. Regarding bacteria, significant differ- 
ences were found in all indices (Shannon, Chao1 and Dominance) 
between pre- and post- phosphate conditions ( p < 0.05, n = 39). 
Higher diversity and richness were obtained for bacteria under 
pre-phosphate conditions, compared to post-phosphate samples. 
AC samples presented more diversity (average = 3.76, n = 18) and 
lower values for the dominance indicator (average = 0.07, n = 18). 
Lower values were found in pre-phosphate samples for the domi- 
nance indicator in bacteria. Regarding this index, significant differ- 
ences were found between AC and CI in pre-phosphate samples for 
bacteria ( p < 0.05) and between MDPE and AC fungi pre-phosphate 
samples ( p < 0.05). Fungal communities pre-phosphate dosing were 
less rich and had higher values for the dominance index than fungi 
post-phosphate conditions but no differences were found regarding 
diversity. 
3.3. Effect of phosphate on microbial traits and functions 
Results for the analysis of whole metagenomics sequencing are 
showed in Fig. 8 . Overall, pre-phosphate samples independently 
of the pipe material or flush step had higher relative abundance 
of functional traits associated to biosynthetic process, nucleotidyl 
transferase activity, and nucleic acid binding and transport ac- 
tivity. When the results of the relative abundance of the func- 
tional traits were log transformed (Supplementary Material Ta- 
ble 1); some functional traits that were not present or not well 
represented in pre-phosphate samples were distinguished for all 
types of pipe material including: gram-negative bacterium type 
cell wall, virion, thylakoid and extrachromosomal circular DNA. 
However, other functional traits decreased in all samples includ- 
ing quorum sensing, methanogenesis, beta-galactosidase complex, 
vitamin binding. 
4. Discussion 
4.1. Effect of phosphate dosing on turbidity and material 
accumulation on pipe materials 
Independently of pipe material or phosphate regime, results 
showed the first flushing step generally resulted in samples with 
higher microbial relative abundance. This result could be ex- 
pected as biofilm mobilised in the first flushing step can be con- 
sidered as the outer layer that is exposed to the highest ex- 
change with the bulk flow, including nutrient and planktonic cell 
transfer ( Donlan, 2002 ). While the underlying biofilm layers with 
more consolidated conditions and lower transfer potential, are 
less diverse and more resistant to detachment ( Paul et al., 2012 ; 
Douterelo et al., 2013 ). It is generally considered that diverse mi- 
crobial communities are better at resisting and adapting to envi- 
ronmental changes due to functional redundancy ( Allison and Mar- 
tiny, 2008 ). The outer layers therefore provide a barrier helping 
to maintain conditions and protect against mobilisation of mate- 
rial consolidated in underlying zones. In addition, the metaboli- 
cally active outer biofilm layers may prevent the immediate effec- 
tiveness of phosphate dosing by breaking up and slowing the for- 
mation of resilient and protective insoluble lead phosphates scales. 
With the rapid increase of hydraulic forces during flushing, deeper 
biofilm layers become exposed to new conditions. As these com- 
munities adapt or break down, material previously trapped can 
be released, resulting in higher turbidity as observed ( Table 1 ). 
The generally higher turbidity after flushing post-phosphate dos- 
ing could also be attributable to the newly developing biofilm hav- 
ing an enhanced capability of cellular growth and/or extracellular 
polymeric substance (EPS) production. This would enable greater 
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Fig. 7. Diversity index (Shannon), Chao I (richness index) and Dominance for OTUs at 95% cut off for bacteria (blue markers) and fungi (orange markers) under pre-phosphate 
( < 0.03 mg/l; -P) or post-phosphate conditions (1.1–1.2 mg/l; + P ). Names on axis Y are pipe material (MDPE, AC, PVC and CI), numbers are flushing step (1 to 4) ( n = 3). 
material trapping and retention ( Flemming et al., 2016 ). However, 
without cells or EPS quantification, this observation on more rapid 
biofilm growth and/or increased EPS production yielding enhanced 
material capture cannot be confirmed. EPS contains compounds 
that participate in biofilm adhesion and several studies in drink- 
ing water agree that when phosphate content increases, the pro- 
duction of EPS decreases ( Fang et al., 2010 ; Kirisits et al., 2013 ; 
Noh et al., 2019 ). If EPS production is reduced by phosphate addi- 
tion, it could be argued biofilm capability to adhere to pipes will 
be reduced, allowing easier removal and hence a reason for the 
higher turbidities observed. The effect of phosphate on EPS pro- 
duction could explain the increased turbidity response from the 
CI pipe post-phosphate, preventing the rapid action of phosphate 
forming protective scales and allowing high concentrations of cor- 
rosion by-products. 
Historically, phosphate addition is recognised as beneficial to 
reduce plumbosolvency of drinking water, hence the higher turbid- 
ity response observed in this study could be linked to a transitional 
period that will recover once phosphate adapted microbial com- 
munities have been established. Further trials would be key to test 
this and are recommended, especially with initial findings showing 
the addition of phosphate has not reduced iron or lead concentra- 
tions as expected. A key recommendation to water utilities would 
be to ensure that where changes in the network are planned, pre- 
ceding maintenance or cleaning strategies are undertaken to min- 
imise biofilm impact. This would remove accumulated pipe wall 
material capable of causing both short- and long-term risk, and in 
the case of preventative chemical remediation (such as phosphate 
dosing to build protective scales) allow more rapid penetration and 
greater effectiveness. 
4.2. Phosphate dosing effect on microbial community structure 
Considering the influence of phosphate on material mobilised 
from pipe walls, clear differences were found between pre- and 
post- phosphate dosing samples, particularly for bacterial commu- 
nities. Bacteria were the main drivers of changes in biofilm com- 
munity structure, in terms of richness and diversity. Bacterial com- 
munities showed a higher relative abundance in pre-phosphate 
dose samples, whilst the opposite was observed for fungi. Previous 
studies have observed that bacterial communities were more af- 
fected by environmental fluctuations than fungi within biofilms in 
chlorinated DWDS ( Douterelo et al., 2018 ). This study supports this 
trend and shows higher environmental influence on bacteria occur- 
ring in biofilms attached to a range of materials used in DWDS. 
The analysis of bacterial relative abundance showed clear 
taxonomic differences related to phosphate dosing in all type 
of materials. Higher diversity and richness were obtained pre- 
phosphate for bacteria when compared with post-phosphate con- 
ditions. This study shows how phosphate acts as a selective force 
for microorganisms, favouring those able to use or metabolise 
phosphate. Many microorganisms are able to transform phos- 
phate in polyphosphates (PolyP) and accumulate it in their cells 
( Boswell et al., 2001 ). In fact, there is a phenomenon called “lux- 
ury uptake of phosphorous/phosphate” in which bacteria accu- 
mulate PolyP under phosphate excess conditions, even though it 
might not be favourable for their growth ( Khoshmanesh et al., 
2002 ; Hirota et al., 2010 ). In this study, higher abundance of Acine- 
tobacter members were found in post-phosphate samples and it 
has been reported that Acinetobacter are important in phospho- 
rus removal strategies in wastewater treatment plants ( Kim et al., 
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Fig. 8. Functional analysis based on whole metagenomics sequencing of samples before and after phosphate dosing. 
1997 ; Bunce et al., 2018 ). Similarly, Paenibacillus present in this 
study has been related to solubilisation of phosphate in soils 
( Arthurson et al., 2011 ). The PCA analysis ( Fig. 6 ) showed that some 
genera, such as Pseudomonas, Paenibacillus, Massilia , and Acineto- 
bacter were clearly influenced by phosphate and these genera have 
been linked to solubilisation or accumulation of phosphate in pre- 
vious studies ( van Groenestijn et al., 1988 ; Boswell et al., 2001 , 
Zheng et al., 2017 ). Fungi such as Rhizophagus increased their abun- 
dance after phosphate dosing, and this fungi is known to estab- 
lish symbiotic interactions with plants to help phosphate uptake 
( Fiorilli et al., 2013 ). Rhizophagus and Eupenicillium were clearly in- 
fluenced by phosphate addition in this study, and they have been 
previously related to phosphate solubilisation in a range of envi- 
ronments ( Vyas et al., 2007 ; Garcia et al., 2017 ). Previous stud- 
ies indicated that certain materials used to build drinking wa- 
ter infrastructure can leach out polymers that fungi can degrade 
( Belila et al., 2017 ), a possible explanation for the high relative 
abundance of some organisms in this study. For example, Peni- 
cillium and Fusarium are known biodegraders of natural and syn- 
thetic polyethylene ( Ojha et al., 2017 ), and have great potential for 
removal of pharmaceutical compounds ( Olicón-Hernández et al., 
2017 ). Since biofilm formation on pipes is unavoidable, further re- 
search is now needed to determine if the occurrence of specific 
inter-kingdom interactions can promote beneficial biofilms and aid 
biodegradation of contaminants in these systems. 
The most common group of microorganisms in all the samples, 
but with different relative abundance depending on the pipe ma- 
terial and flushing step, were Pseudomonas, Acinetobacter and Sph- 
ingomonas and in CI pipes Brucella. Niquette et al. (20 0 0) , exam- 
ined the influence of pipe materials on densities of fixed bacterial 
biomass in DWDS, showing that biomass on plastic (PVC and PE) 
were lowest in comparison with iron, and that cement-based ma- 
terials had intermediate values. Conversely, other researchers have 
shown that plastic, including PE, can stimulate biofilm growth due 
to the release of biodegradable compounds that can promote mi- 
crobial growth ( Van der Kooij et al., 2005 ; Yu et al., 2010 ). The 
results from this study indicate that pipe material affects micro- 
bial communities, in particular bacteria, and those differences were 
mainly between corroding and non-corroding materials. 
4.3. Effect of phosphate dosing on functional traits and metagenomes 
Most of the sequences analysed were related to biofilm devel- 
opment and resistant mechanisms. Overall three main functional 
traits were characterised; biosynthetic process, nucleic acid bind- 
ing and nucleotide transferase activity ( Fig. 8 ). Biosynthetic pro- 
cess in biofilms are mainly related with EPS production and related 
to functions such as cell attachment, formation and maintenance 
of biofilm structure and resistance to environmental stress, includ- 
ing disinfectants ( Hall-Stoodley and Stoodley, 2002 ). Regarding nu- 
cleic acid binding, these sequences are associated to proteins that 
bind to DNA/RNA and include transcriptional factors, which mod- 
ulate protein expression ( Hudson and Ortlund, 2014 ). Nucleotidyl- 
transferases are enzymes within the transferases group, which are 
associated to an extensive class of bacterial enzymes that inhibit 
antibiotic target binding, promoting its inactivation ( Wright, 2005 ; 
Schroeder et al., 2017 ). 
The analysis of interrelationships between metagenomes 
showed clear differences between pre- and post-phosphate treat- 
ments ( Fig. 5 C). Mapping metagenomic sequences to a refer- 
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ence database is a useful approach to transfer taxonomical and 
functional annotations to sequence reads. However, it can limit 
the amount of data that can be analysed since most sequenc- 
ing reads in difficult-to-annotate datasets (e.g. viral metagenomes) 
lack known homologs ( Dutilh et al., 2012 ). An alternative is us- 
ing reference-independent comparative metagenomics by cross- 
assembly through crAss. The cross-assembly analysis showed that 
the effect of the phosphate addition was stronger than the effect 
of the pipe material, since the before and after samples clustered 
together. Phosphate dosing favoured the presence of sequences re- 
lated to functional traits, in particular Gram-negative bacterium 
type cell walls, virions, thylakoids and extrachromosal circular DNA 
(Supplementary Table 1). Gram-negative bacteria are predominant 
inhabitants of drinking water systems and include Proteobacteria 
members and the phylum Bacterioidetes ( Vaz-Moreira et al., 2017 ). 
Gram-negative bacteria have an outer membrane that makes them 
resistant to antibiotics, detergents and disinfectants ( McKeon et al., 
1995 ), thus are of public health concern. Very high rate of resis- 
tance to antibiotics have been found amongst Gram-negative bac- 
teria and within them Enterobacteriaceae since they have a more 
fluid genome, mediated by plasmids that carry antibiotic resistance 
and pathogenicity genes ( Wellington et al., 2013 ; Hawkey, 2015 ). 
This reinforces our results where higher abundance of sequences 
associated with extrachromosomal circular DNA were observed af- 
ter phosphate dosing. Extrachromosomal circular DNA are a type 
of Mobile Genetic Elements (MGE) that facilitate DNA transfer be- 
tween cells and can provide host cells with advantages, such as 
antibiotic resistance or adaptive metabolic pathways ( Rankin et al., 
2011 ). It is known that mixed-species biofilms in DWDS can 
house antibiotic resistance bacteria ( Gomez-Alvarez et al., 2016 ; 
Douterelo et al., 2018 ), thus biofilm mobilisation may contribute 
to spreading environmental antimicrobial resistance. Additionally, 
Gram-negative bacteria are known to have enhanced adhesion ca- 
pabilities ( Sommer et al., 1999 ), promoting biofilm spread and 
colonisation. Taking into account these findings, phosphate addi- 
tion is shown to have potentially detrimental consequences, that 
may be of concern to public health, on the distribution system mi- 
crobiome. 
Virions were more represented in all samples post-phosphate 
dosing. They are commonly transported in drinking water systems 
by amoebas ( Atanasova et al., 2018 ), where they are protected 
against the action of disinfectants. Flood and Ashbolt (20 0 0) , have 
demonstrated the potential of model enteric virions and virion- 
sized particles to accumulate and persist within biofilms in drink- 
ing water systems. This study only analysed DNA, thus it is not 
known if the sequences associated to virions are a realistic rep- 
resentation of these type of microorganisms in biofilms. The re- 
sults obtained however support the need for more detailed micro- 
bial analysis in routine drinking water monitoring strategies, with 
surveillance methods needing to take into consideration the ac- 
cumulation of virions and other potential pathogens within water 
pipe biofilms. 
Sequences associated with thylakoids were also prevalent post- 
phosphate dosing ( Fig. 8 ). Thylakoids are organelles which contains 
pigments that absorb energy in photosynthetic organisms and have 
been used as a fast and effective screening test to detect herbi- 
cides in water ( Euzet et al., 2005 ). The presence of thylakoids can 
also indicate the increase of photosynthetic microorganisms such 
as cyanobacteria in biofilms of DWDS. Cyanobacteria have been 
found in this study; however no significant increase was observed 
in post-phosphate dosing samples. Cyanobacteria have been re- 
ported previously as important inhabitants of biofilms in DWDS 
( Hwang et al., 2012 ; Lin et al., 2013 ; Douterelo et al., 2016 ), and 
despite the lack of light it has been suggested that they have an 
alternative metabolism that allows them to survive in the absence 
of light. 
Sequences associated with functional traits that decreased in all 
samples after phosphate dosing include quorum sensing, methano- 
genesis, beta-galactosidase complexes and vitamin binding ( Fig. 8 ). 
Quorum sensing is a mechanism common in biofilms, where cells 
regulate their cooperative activities and physiological processes 
by releasing, sensing and responding to small diffusible signal 
molecules ( Li and Tian, 2012 ). Therefore, phosphate dosing might 
influence the ability of bacteria to communicate and subsequently 
form biofilms, and as discussed above phosphate can inhibit EPS 
production. If phosphate addition is involved or has an indirect 
role in quorum sensing mechanisms and their control, this may 
open a new avenue for controlling biofilm formation in DWDS. 
Beta-galactosidase complexes are hydrolytic enzymes responsible 
for the degradation of a variety of natural and synthetic sub- 
strates ( Asraf and Gunasekaran, 2010 ), thus biofilms may use them 
to degrade a range of compounds and thrive in DWDS. Phos- 
phate dosing also decreased methanogenesis, which is the final 
step in anaerobic degradation of carbon and is used by microor- 
ganisms to degrade carbon when all alternative electron accep- 
tors have been exhausted ( Zeikus, 1977 ). Methanogens are amongst 
the most diverse groups of microbes and vary significantly in 
their environmental conditions and cell structure. In the litera- 
ture, methanogens are well known bio-degraders of micropollu- 
tants, and most belong to the group of Archaea ( Harb et al., 2019 ). 
Archaea have been found in drinking water systems, mainly in 
systems supplied from groundwater and associated to ammonia- 
oxidation ( Van der Wielen et al., 2009 ). Although phosphate dos- 
ing decreased sequences associated to methanogenesis, this study 
cannot directly associate this with a reduction in the number of 
Archaea. 
Phosphate addition decreased functional sequences related to 
vitamin binding. Vitamins and other cofactors play a critical role 
in determining bacterial growth rates and microbiome dynamics 
( Sonnenburg and Sonnenburg, 2014 ). The importance of vitamin 
acquisition and the mechanisms that microbes use to acquire these 
vitamins have been reported in other environments ( Putnam et al., 
2020 ). Vitamins can play a critical role in driving microbiome dy- 
namics, and competition for vitamins can favour bacteria that are 
better at capturing those. Studies based on single species biofilms 
showed vitamin-related processes can influence biofilm forma- 
tion and development. Pandit et al. (2017) , studying Pseudomonas 
aeruginosa biofilms, suggested that non-lethal concentrations of vi- 
tamin C can inhibit bacterial quorum sensing and other regula- 
tory mechanisms involved in biofilm development. As a result, EPS 
biosynthesis is reduced and once content is below a critical point, 
cells get exposed and are more susceptible to antimicrobials or 
treatments. Considering these previous studies, a reduction of vi- 
tamin binding function in a DWDS context could be translated as 
selection for certain type of microorganisms (supporting reduced 
diversity observed post- phosphate) and/or influence EPS struc- 
ture and microbiome susceptibility to environmental conditions. 
Further studies are needed to understand how vitamin acquisition 
shapes competition and community structure under DWDS envi- 
ronmental conditions and appreciate vitamin binding implications 
at an operational and management level. 
5. Conclusions 
This innovative research investigates the effect of phosphate 
dosing on the microbial ecology within an operational DWDS. The 
detailed study plan facilitated investigation of the impact of pipe 
material and hydraulics on developing biofilms. Following changes 
in water chemistry due to phosphate enrichment, the work high- 
lights differences in microbial diversity and functional traits and 
demonstrates clear operational impact with respect to discoloura- 
tion risk. Key findings include: 
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• Differences in the taxonomic composition of both bacteria and 
fungi were found in relation to phosphate dosing, pipe material 
and flushing steps; 
• Bacterial communities showed a higher relative abundance 
diversity and richness in pre-phosphate dose samples, 
whilst the opposite was observed for fungi 
• Cast iron pipe samples had less diverse communities with 
dominant representatives compared to other non-corroding 
pipes 
• First flushing steps resulted in samples with higher relative 
abundance of bacterial and fungal communities 
• Post-phosphate dosing a community shift towards microorgan- 
isms able to use or metabolise phosphate was observed, includ- 
ing the bacteria Pseudomonas, Paenibacillus, Massilia, Acinetobac- 
ter and the fungi Cadophora, Rhizophagus and Eupenicillium. 
• Addition of phosphate favoured the appearance of Gram- 
negative bacterium type cell wall, virion and thylakoid function 
sequences, but decreased functional sequences associated to vi- 
tamin binding, methanogenesis and toxin biosynthesis. 
• Operationally, turbidity responses (discolouration and elevated 
metal concentration risk) from the phosphate enriched water 
was increased, particularly from cast iron pipes. 
With current faecal indicator tests only providing risk detection, 
this work improves understanding and highlights the potential for 
new approaches based on genetic data to inform future monitoring 
or control strategies to protect drinking water quality. 
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